Abstract. The effects of non-adiabatic and Coriolis couplings on the bound states of the He(2 3 S 1 )+He(2 3 P j ) system, where j = 0, 1, 2, are investigated using the recently available ab initio short-range 
− u , 0 ± g , 1 u , 2 g , 2 u , 3 g Hund case (c) sets of levels in the j = 2 asymptote but can be up to 15% for some of the 0 + u and 1 g sets of levels where near degeneracies are present in the single-channel diagonalized potentials. Coriolis couplings are most significant for weakly bound levels, ranging from 1-5% for total angular momenta J = 1, 2 and up to 10% for J = 3. Levels near the j = 1 and j = 0 asymptotes agree closely with previous multichannel calculations based upon long-range potentials constructed from retarded resonance dipole and dispersion interactions. Assignment of theoretical levels to experimental observations using criteria based upon the short-range character of each level and their coupling to metastable ground states produces well matched assignments for the majority of observations. After a 1% increase in the slope of the 5 Σ + g,u and 5 Π g,u input potentials near the classical turning point is applied, improved matching of previous assignments is obtained and further assignments can be made, reproducing very closely the number of experimental observations.
Introduction
Photoassociation (PA) of ultracold atoms provides a powerful technique for the study of the dynamics of ultracold collisions. The two interacting ultracold atoms are resonantly excited by a laser to bound states of the associated molecule with the transition energies forming a spectrum with a very high resolution of < 1 MHz, since the thermal distribution of energies in the initial scattering state is very narrow. Photoassociation in metastable rare gases is of particular interest as the large internal energy can be released during collisions and provide experimental strategies for the study of these quantum gases. A number of experimental investigations have been conducted using PA in metastable helium as the diagnostic tool. Bound states that dissociate to the 2s 3 S 1 +2p 3 P 2 limit were first observed by Herschbach et al. [1] and more recently, Kim et al. [2] and van Rijnbach [3] have observed detailed structure of over 40 peaks associated with bound states with binding energies ≤ 13.57 GHz that dissociate to this limit. In addition, van Rijnbach [3] has observed six peaks lying within 0.6 GHz of the 2s 3 S 1 +2p 3 P 1 limit and Léonard et al. [4] have studied some purely longrange bound states with binding energies ≤ 1.43 GHz dissociating to the 2s 3 S 1 +2p 3 P 0 limit.
The bound states dissociating to the 2s 3 S 1 +2p 3 P 0 limit occur at interatomic separations ≥ 150 a 0 and arise from resonance dipole and dispersion interactions that depend upon well-known atomic parameters. Theoretical analyses have been completed using both a single-channel adiabatic calculation [5] and full multichannel calculations [6] that employ long-range Born-Oppenheimer potentials constructed from retarded resonance dipole and dispersion interactions. Excellent agreement is obtained with the measured binding energies. The numerous observed peaks associated with the 2s 3 S 1 +2p 3 P 1,2 limits are not due to long-range states. Most of the peaks were identified by [7] using the accumulated phase technique for a single-channel calculation of the bound states based upon a hybrid quintet potential constructed from short-range ab initio 5 Σ + g,u and 5 Π + g,u potentials matched onto long-range retarded resonance dipole and dispersion potentials.
Recently Deguilhem et al [8] have reanalyzed the PA peaks associated with the 2s 3 S 1 +2p 3 P 1,2 limits using new fully ab initio multi-configuration self-consistent field (MCSCF) short-range 1,3 Σ + g,u and 1,3 Π g,u potentials and multi-reference configuration interaction (MRCI) 5 Σ + g,u and 5 Π g,u potentials. The body-fixed Hamiltonian in the Hund case (c) basis is diagonalized and the resulting adiabatic potentials used in a single-channel calculation, thus neglecting Coriolis and non-adiabatic couplings. Although earlier multichannel calculations for the ultra-long-range states [6] show this approximation to be quite accurate for these states, the effects of these neglected couplings on the numerous more strongly-bound shorter-range states warrants investigation. With the availability of the short-range 1,3,5 Σ + g,u and 1,3,5 Π g,u potentials it is now possible to extend these multichannel calculations to the full set of bound states of the 2s 3 S 1 +2p 3 P 0,1,2 system.
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We report here our results of such calculations, together with an analysis of the applicability of single-channel calculations. Atomic units are used, with lengths in Bohr radii a 0 = 0.0529177209 nm and energies in Hartree E h = α 2 m e c 2 = 27.211384 eV.
Theory

Coupled-channel approach
The bound rovibrational levels of the ultracold excited metastable helium system are found by analyzing the eigenvalues of the molecular Hamiltonian
whereT is the kinetic energy operator
andĤ rot the rotational operator
for a system of two atoms i = 1, 2 with interatomic separation R, reduced mass µ and relative angular momentuml. The total electronic Hamiltonian iŝ
where the unperturbed atoms have HamiltoniansĤ i and their electrostatic interaction is specified byĤ 12 . The termĤ fs in equation (1) describes the fine structure of the atoms. The multichannel equations describing the interacting atoms are obtained from the eigenvalue equation
by expanding the eigenvector in terms of a basis of the form |Φ a = |Φ a (R, q) where a denotes the set of approximate quantum numbers describing the electronic-rotational states of the molecule and q denotes the interatomic polar coordinates (θ, φ) and electronic coordinates (r 1 , r 2 ). The expansion
yields the multichannel equations
where
and
For two colliding atoms with orbitalL i , spinŜ i and totalĵ i angular momenta, several different basis representations can be constructed. Two possibilities are the LS coupling schemeL =L 1 +L 2 ,Ŝ =Ŝ 1 +Ŝ 2 andĴ =L +Ŝ +l and the jj coupling schemeĵ 1 =L 1 +Ŝ 1 ,ĵ 2 =L 2 +Ŝ 2 ,ĵ =ĵ 1 +ĵ 2 andĴ =ĵ +l. The LS coupling scheme diagonalizesĤ el whereas the jj coupling scheme diagonalizesĤ fs . We choose to use the body-fixed jj coupled states [9] 
where γ i represents other relevant quantum numbers such as {L i , S i }. The projections of j and J respectively onto the inter-molecular axis OZ are specified by Ω j and Ω J = Ω j which has orientation (θ, φ) relative to the space-fixed frame. The symmetry under inversion of the electronic wavefunction through the centre of charge is denoted by w which is equal to gerade (g) or ungerade (u). The projection ofĴ onto the space-fixed Oz axis is labelled by m J and D
is the Wigner rotation matrix [10] . The matrix elements of the various contributions to the Hamiltonian in this basis are derived in [9] . We list here the required elements using the abbreviated notation |a = |Φ a (R, q) where a = {γ 1 , γ 2 , j 1 , j 2 , j, Ω j , w, J, m J }. The radial kinetic energy terms are
if we assume the R−dependence of the basis states is negligible. The rotation terms are given by
where the quantities
describe the Coriolis couplings and ρ denotes the set of quantum numbers {γ 1 , γ 2 , j 1 , j 2 , j, w, J, m J }. The electronic terms are
where the coupling coefficients F
w (R) are the Born-Oppenheimer (BO) molecular potentials for gerade (w = 0) and ungerade (w = 1) symmetries, σ is the symmetry of the electronic wave function with respect to reflection through a plane containing the internuclear axis and E ∞ a is the 3 S)+He(2 3 P) 5 asymptotic energy of the state. The label η denotes the set of quantum numbers {γ 1 , γ 2 , Ω j , w, J, m J }. Finally, we assume that the fine structure is independent of R so that its contribution is
The fine structure splitting ∆E for the 2p 3 P 0 and 2p 3 P 1 states relative to the 2p 3 P 2 level are 31.9081 GHz and 2.2912 GHz respectively. The matrix elements of the total Hamiltonian are therefore diagonal in {w, J, m J }.
The coupled equations (7) then become
In the present investigation we seek the m J -degenerate discrete eigenvalues E = E a,v and associated radial eigenfunctions G a,v (R), where v = 0, 1, . . . labels the rovibrational levels.
In common use throughout the literature of coupled-channel calculations are the terms 'multichannel' and 'close-coupled'. The term 'close-coupled' is often used to refer to coupled systems for which the states of interest are only strongly coupled directly to a small number of neighbouring states but may be indirectly coupled, albeit very weakly, to an endless series of states. In this situation, a limit must be imposed upon the number of states to be included in the model. In contrast, our present full multichannel calculations include all the coupled 2s2p states and these provide a complete basis except for the negligible couplings to other electronic states that may occur at very small interatomic distances.
Single-channel approximation
In many situations the Coriolis couplings can be neglected and the calculation of the bound states reduced to that for a single channel. This is also useful in assigning the appropriate quantum numbers to the states found by the multichannel method. The Movre-Pichler model [11] , extended to include rotation, is used. At each value of R the single-channel potential is formed by diagonalizing the matrix:
where a ′ |l 2 |a Ω j is the part of (12) diagonal in Ω j . The corresponding R-dependent eigenvectors are |i = a C ai (R)|a (18) and the adiabatic potential is given by
Since we assume that the Coriolis couplings are negligible, each channel |i can be labelled with the Hund's 
Since the term i|d|i /dR = (1/2)d i|i /dR vanishes, the radial eigenvalue equation for the rovibrational states is
The kinetic energy correction term,
arising from the R-dependence of the diagonalized basis is small and calculable away from potential crossings but cannot be used near crossings because of discontinuities in C ai (R) resulting from the diabatic behaviour introduced through the use of a finite diagonalization mesh. It is not used in the present calculations.
Input potentials
The required Born-Oppenheimer potentials 1,3,5 Σ + g,u and 1,3,5 Π g,u were constructed by matching the ab initio MCSCF and MRCI short-range potentials of [12] onto the longrange dipole-dipole plus dispersion potentials given by [6] so that
where f 3Λ is an R-and Λ-dependent retardation correction [13] . The wavelength for the transition 2s 3 S-2p 3 P is λ, where λ -= λ/(2π) = 3258.17 a 0 . The C 3Σ coefficient is ±2C 3 and C 3Π is ±C 3 , where C 3 = 6.41022 E h a S+w . The matching of the short-range ab initio and long-range dipole-dipole plus dispersion potentials was undertaken at 30 a 0 for the singlet and triplet potentials and 100 a 0 for the quintet potentials [12] . At these matching points, R m , the shortrange potentials were shifted to agree with the long-range potentials. Although the derivatives of the short-range and long-range potentials at R m were equal to within the accuracy of the potentials, a spline fit to the shifted tabulated short-range potentials was performed for R ≤ R m +3 a 0 using the long-range potentials at the additional points R m < R ≤ R m + 3 a 0 to obtain smoother matching at R m . The analytical form (22) for the long-range potentials was used for R > R m + 3 a 0 .
Although the short-range potentials are tabulated to within the classically forbidden region, some small variation of binding energies is possible if the R → 0 extrapolation is modified. To be consistent, an extrapolation of the form 1/R + A + BR 2 is used to emulate the expected behaviour for small interatomic distances [15] . The constants A and B are determined from the two innermost tabulated values of the potentials.
Numerical issues
The coupled-channel equations (16) and the single-channel equation (20) are of the form
where for the case of coupled-channels, G is the matrix of solutions with the second subscript labelling the linearly independent solutions. The integration region 0 ≤ R ≤ R ∞ was divided into a number of regions R α , each containing equally spaced grid points, with a step size ∆R α = 0.0001 a 0 for the region closest to the origin, increasing to 0.2 a 0 for the outermost region R > 1000 a 0 . These equations were solved using the renormalized Numerov method [16] with the solutions for neighbouring regions matched using the values of the functions and their derivatives on the boundaries of the regions. The eigenvalues were determined by a bisection technique based on counting the nodes of the determinant |G(R)|.
The adiabatic potentials were computed on an equally spaced diagonalization grid R n . For a sufficiently fine grid, crossings in the coupled diabatic potentials become avoided crossings in the adiabatic potentials regardless of coupling strength. However, for weak coupling between diabatic potentials, the probability that the system follows the diabatic path is much greater than that for an adiabatic path. We choose to emulate this diabaticity by creating hybrid adiabatic/diabatic single-channel potentials. These potentials are formed by applying the function
Crossings are located at points R = R n where Y (R n ) ≤ 1 and are treated as either an avoided crossing for Y (R n ) > α or a true crossing for Y (R n ) ≤ α by interchanging the potentials appropriately, where the parameter α represents the ratio of diabatic to adiabatic behaviour at the crossings. The resultant single-channel potentials V SC k (R n ) possess diabatic behaviour when required, yet also allow avoided crossings to occur in some crucial regions. The single-channel basis states are then
where D ak is equivalent to C ai except for interchanges of columns that correspond to the interchanges of the potentials described above. The choice of diagonalization grid size
∆R n significantly affects the formation of the single-channel potentials, and the values ∆R n = 0.01 a 0 and α = 0.5 were chosen as these most closely match the multichannel results.
Results
Calculations
Three sets of calculations have been undertaken: (i) single-channel (SC) which ignores non-adiabatic and Coriolis couplings, (ii) multichannel without inclusion of Coriolis couplings (MC1) and (iii) full multichannel that include Coriolis couplings (MC2). The SC levels are labelled by the Hund's case (c) notation {J, Ω σ w }, the total electronic angular momentum j = 0, 1, 2 of the asymptotic 2s 3 S 1 +2p 3 P j limit and to distinguish any remaining multiplicity, the minima of the potentials. The MC1 levels are labelled by {J, Ω σ w } and the MC2 levels by {J, w}. In this section we focus on the numerous levels that lie beneath the j = 2 asymptote as they are most sensitive to the short-range potentials.
Single channel
Our single-channel results for levels associated with the 2s 3 S 1 + 2p 3 P 2 asymptotic limit are presented in table 1 and compared to those of [8] . Of the eight tabulated series in [8] , six, including the 1 u and 2 u series presented in table 1, match very well. Almost all results are within 0.3% of the values tabulated in [8] and the maximum absolute difference is 20 MHz which is comparable to experimental accuracy. The two series that disagree are 0 + u , J = 1, 3. The differences arise from ambiguities in smoothly connecting the diagonalized potentials where the two nearly degenerate BO potentials 1,5 Σ + u cross in the region 17 a 0 < R < 17.5 a 0 (see figure 1 ). Applying a fine diagonalization grid for these sets leads to avoided crossings in the single-channel potentials whereas a coarser grid gives rise to crossings. The values presented in table 1 were obtained using a fine grid of ∆R n = 0.01 a 0 . We note that 1 g was the only other single-channel set that exhibited this dependence upon the diagonalization grid, due to crossings in the nearly degenerate 1,5 Π g BO potentials.
Multichannel without Coriolis
Next we compare the single-channel results with those from the multichannel calculations that do not include Coriolis couplings. Table 1 . Binding energies of the single-channel levels in units of GHz. All potentials are asymptotic to j = 2, were diagonalized using a grid spacing of 0.01 a 0 , and have minima of approximately −211 THz. better than 0.1% for all but the least bound levels where the differences are less than 1%. These differences are smaller than the uncertainties in the potentials and are much smaller than the uncertainties in experimental results. There are no bound levels for the 3 u set. By contrast the 0 + u and 1 g case (c) sets include results that differ significantly from the single-channel results. These differences were isolated to two of the four singlechannel potentials from the 0 + u set and three of the six single-channel potentials from the 1 g set. For the 0 + u sets, the differences were up to 2% for binding energies greater than 2 GHz and up to 5% otherwise. For the 1 g sets the results differed by up to 15%. The levels for the remaining potentials differ by less than 0.1%. We surmise that the near degeneracies in the interacting adiabatic potentials are the cause for these differences. MC1 and SC results for the case (c) sets 2 u , J = 2 and 0
The relative proportions of each single-channel basis in the multichannel bound state eigenfunction can be calculated by applying the unitary transformation D ak (R) defined in equation (25). For the majority of levels only one single-channel basis state is present, indicating that there is minimal difference between the single-and multichannel methods. Levels in the 0 + u and 1 g sets, however, have multiple single-channel contributions, reinforcing the observation that their binding energies differ markedly between the methods.
Multichannel with Coriolis
The final comparison we make is between the two multichannel methods, where the only difference is the inclusion or otherwise of the Coriolis couplings. Although the Coriolis couplings vary as R −2 and might be expected to play a significant role at small R, we do not see any difference for the more deeply bound levels. The majority of levels for the J = 1, 2 ungerade sets differ between the MC1 and MC2 results by less than 0.1% and for detunings larger than 7 GHz from the j = 2 asymptote, all results agree to within 0.5%. These differences are slightly greater than those between the single-channel and multichannel results without Coriolis couplings. The J = 3 set however shows much more variance. For detunings from the j = 2 asymptote of more than 5000 GHz, the results differ by < 0.5% but some of the more shallowly bound levels, with detunings larger than 15 GHz, differ by up to 2%. Levels with J > 3 were not investigated as selection rules forbid excitation to these levels during s-wave collisions in the metastable state.
The most weakly bound levels with wavefunctions that extend from the small to large interatomic regions show the greatest effects of including Coriolis couplings. For the J = 1, 2 sets, approximately a third of the levels for detunings less than 7 GHz show differences ranging from 1% to 5%, which are larger than the experimental uncertainties. The J = 3 set shows even larger differences, with levels that can differ by up to 10% for detunings smaller than 15 GHz. These differences reflect the increase of Coriolis couplings with J and are quite significant, especially as the available experimental measurements are almost entirely within this range.
The gerade J = 1, 2, 3 sets have similar behaviour to the ungerade sets and show deviations up to 0.5% between the methods for detunings larger than 800, 3600 and 5000 GHz respectively. For smaller detunings, differences up to 10% do occur, although the differences for most levels remain within 0.5%. A sample comparison of the results for gerade levels obtained using multichannel calculations with and without Coriolis couplings is presented in table 3.
The differences in binding energy can be separated into two components; a shift that occurs for all levels and a splitting that occurs for degenerate MC1 Ω j = ±Ω levels. The splittings between these levels in the MC2 results are generally less than 0.1% for the J = 2 ungerade set although several are close to 1%. For the remaining sets, the Coriolis splittings steadily increase as the detuning decreases, with most less than 2%. The greatest splittings occur when MC1 levels of different Ω manifolds are closely spaced and can be up to 10%. The only set that does not contain either the 0 + u or 1 g basis is the ungerade J = 2 set which shows the least splitting of the degenerate MC1 levels. Therefore we conclude that near degeneracies in the adiabatic potentials may be the cause for strong splitting as was observed for the differences between the SC and MC1 levels.
The contribution from each case (c) subspace for each level in the full multichannel calculation can be determined from the bound state eigenfunction. We find no obvious correlation between these case (c) proportions and the differences in the binding energies, but do observe that most levels possess large contributions from two or more case (c) sets, despite the relatively small differences in binding energies for the deeply bound states. The ungerade J = 1, 2 sets do possess some weakly bound levels that occupy the largest interatomic distances and these are dominated by contributions of greater than 95% from one case (c) set only. 4.5. j = 1 and j = 0 asymptotes Calculations of energy levels near the dissociative limits 2s 3 S 1 + 2p 3 P j for j = 1 and j = 0 introduce open channels corresponding to j = 2 and j = 1, 2 respectively into the multichannel calculation. The renormalized Numerov method is again used to find the allowed energies of the system. Due to the open channels, true bound levels appear amongst a set of artificial box states that represent the continuum of scattering states after an outer boundary wall is imposed. These artificial states are identified by examination of the wave function, or by their variability as the outer boundary is repositioned.
We find very few bound levels with purely real binding energies; too few to explain the experimental measurements. Hence, we search for any resonances that predissociate via the open channels. The search to find the complex resonance energies that smoothly match the solutions obtained by inward and outward integration [16] is performed by making use of Cauchy's argument principle, which states that a meromorphic function f (z) can be shown to satisfy
where C is a bounded contour which contains N zeros and P poles. We choose the function to be the determinant
m+1 | where R m andR m+1 are ratio matrices for the outward and inward integrations respectively of the renormalized Numerov method, see equations (21) and (25) of [16] . The matching condition is then D(E) = 0. If D(E) is assumed to be meromorphic then a region bounded by a contour should show N zeros for N valid resonances. Because poles in the same region will 'cancel' zeros then it is important to use relatively small contours such that each region 3 S)+He(2 3 P) 13
can be assumed to contain only a single zero or pole. Additionally, the matching point R m for the function D(E) must be placed so that it is within the classically permitted R region of the resonance state wave function. For resonances that extend into short interatomic distances a single value of R m = 100 a 0 is sufficient to lie within the outer turning point of these resonances. Long-range resonances, however, require multiple scans at different R m values in order to detect all resonances because the classically allowed regions of the different wave functions may not overlap. The results in this paper originated from scans using matching distances of 100, 200, 400 and 600 a 0 . The numerical procedure uses the argument principle with a box contour that has a real width of 5 MHz, a upper imaginary boundary of 1 MHz and a lower imaginary boundary of −100 MHz. This places a limit upon the maximum predissociation that will be detected as a valid resonance. A range of real energies is scanned by using many adjacent box contours. The derivative D ′ (E) in each integral is easily calculated numerically and the integral itself is evaluated using an adaptive GaussKronrod quadrature method. This allows for a high density of grid points when required in parts of the integral and can hence handle the presence of poles and zeros in the neighbourhood of the contours.
Once regions are found that are known to contain valid resonances, the box contour of each region is narrowed using a bisection method extended to two dimensions. Because the integrals in (26) are computationally expensive to calculate, a gradient descent method is used to determine the exact resonance energy once the box edges are smaller than 1 MHz.
The single-channel results for 0 − g near the j = 1 asymptote agree well with those tabulated in [8] to within 4 MHz. The full multichannel calculation for resonances that extend into the short-range region, that is, all resonances that are not purely longrange, modifies the resonance energies near the j = 1 asymptote by up to 5 MHz for the J = 1 sets, increasing to 20 MHz for the J = 3 sets, which is similar to the behaviour observed near the j = 2 asymptote. No short-range resonances are found near the j = 0 asymptote.
The multichannel results for the purely long-range 1 g and 0 + u levels near the j = 0 dissociation limit and the purely long-range 0 − u and 2 u levels near the j = 1 dissociation limit differ by less than 1 MHz from the multichannel results of [6] . This is to be expected as these levels do not depend on the new short-range potentials. We have also examined the 1 g , J = 1 levels in the j = 1 asymptote that [6] rejected as purely long-range on the grounds that barrier penetration through the double well structure of the potentials leads to significant probability for R < 200 a 0 and that there appeared to be appreciable predissociation. We find three pairs of resonances, (−165.0, −164.4), (−63.0, −62.7) and (−16.2, −15.9) MHz, which do indeed possess significant short-range probability, however their predissociation widths are relatively small, ranging from 0.23 to 1.08 MHz. Each pair represents the splitting of the Ω j = ±Ω degeneracy by the Coriolis couplings.
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Experimental Assignment
Basis of assignments
Previous attempts to assign quantum numbers to experimental measurements have primarily been motivated by the desire to minimize the differences between the theoretical and experimental binding energies. In addition, knowledge of the short-range character of the individual levels is useful as this determines the likelihood of Penning ionization. Acting as both a level broadening mechanism and a detection method for most experiments, Penning ionization is extremely likely to occur if the bound level possesses singlet or triplet character in its Hund's case (a) basis for R < 20 a 0 . We follow [17] in assuming that this probability is unity for a level with only singlet or triplet short-range character. Although single-channel calculations cannot determine accurately the short-range character of each bound level, Léonard et al [17] have used the absence or presence of different experimental levels to infer the rotational coupling between different case (c) subsets. The multichannel calculations in this paper enable the complete bound state eigenfunctions to be calculated and the short-range spin-S fraction f 2S+1,v to be determined exactly for each level, see Appendix A. To assist in assigning the experimental levels we can also calculate an approximate coupling factor A v between the excited bound state |Ψ = a R −1 G a,v (R)|a and the initial metastable ground states R −1 G g (R)|Sm S lm l where we suppress the labels
This factor is estimated from the Franck-Condon integral
where the matrix element of the laser interactionĤ int is given in Appendix B and N g represents the number of coupled metastable states. We replace the radial eigenfunction G g (R) for the metastable state by unity, as we do not wish to specify the temperature of the system which can range from µK to mK. The Ω-degenerate levels that have been split by the Coriolis coupling form pairs, each comprised of a symmetric and an antisymmetric level. As only the symmetric level of each pair can possess a non-zero coupling, only one of the pair of Coriolis split levels can possibly be observed by experiment.
Spin-polarized experiments for j = 2
We first consider the experimental data of Kim et al [2] for spin-polarized metastable atoms in a magnetic trap at approximately 10 µK. The experiment used an optical detection method and was able to measure separately the number of atoms, the optical density and the temperature of the gas after a cycle of laser pulse, thermalization and ballistic expansion. As the method is based upon thermalization, any decay path from the excited state is detected, including spontaneous emission. In the experiment, systematic scans for detunings in the range 0 − 6 GHz from the j = 2 asymptote were performed and additional narrow scans centred upon predictions for more deeply bound levels were carried out. Only ungerade excited levels are accessible from the spinpolarized metastable state |22lm l and higher partial waves than s-waves will contribute little to collisions at 10 µK. The theoretical calculations find a possible 118 levels with binding energies in the range 0.08 − 6 GHz. To identify those levels that should result in strong, narrow and experimentally detectable resonances, we impose conditions on the maximum probability of Penning ionization by insisting that the quintet short-range character be at least 87.5% , and on the minimum coupling to the metastable manifold by requiring A v ≥ 0.9 E h , see (27) . These conditions isolate 19 levels, shown in table 4, that match almost uniquely with experimental observations. In addition, another four levels may be assigned to observations by relaxing the constraint upon one of the observability criteria; this may be justified by considering the strength of the other observability criterion. Only one experimental observation of 0.455 GHz remains unassigned. Two assignments of very close binding energies have been made to the observed level near 0.200 GHz, and the closeness of these levels may mean they are impossible to distinguish as separate in experiment. Also shown in table 4 are the case (c) contributions of greater than 20% to each level, listed in descending order of contribution.
Experimental levels above 6 GHz have not been included in the initial assignments as we would have been unable to properly determine the observability criteria without an unbroken scan region. However, the theoretical levels that are predicted to be observable in the range 6 − 14 GHz have been appended to table 4, along with assignments to experimental observations if appropriate.
The theoretical levels that match have consistently lower binding energies than their assigned experimental levels. This suggests that a small correction to the input shortrange potentials is required. Motivated by the observation in [18] that many ultracold molecular properties are very sensitive to the slope of the potential at the inner classical turning point and the fact that the observable levels possess strong quintet short-range character, we choose to vary the quintet MRCI potentials in this region by introducing a multiplicative factor c through the smoothing function
where R 1 = 5 a 0 , R 2 = 10 a 0 and a = π/(R 2 − R 1 ). The value c = 0.005 that represents a 1% variation which is quickly turned on through the region 5 < R < 10 a 0 , deepens the minima of the attractive 5 Π u potential at R = 5.387 a 0 by 0.985% and moves it to a closer interatomic distance by 0.003 a 0 . The only other ungerade quintet potential 5 Σ + u is not significantly affected as it is repulsive. These varied potentials produced much better agreement with experiment and most levels are within the experimental uncertainty of 20 MHz, see table 4. A further improvement of the observability parameters for levels 0.928 and 0.228 GHz means that a relaxation of the criteria is no longer required in those cases and the observation of 0.455 GHz can be assigned to a theoretical level of Table 4 . Theoretical levels that are predicted to be experimentally observable and their assignment to the experimental data of [2] . Energies are given in GHz relative to the j = 2 asymptote. The third column lists the levels after a 1% variation is applied to the short-range potentials and the fourth and fifth columns are the observability quantities calculated from the results of this variation.
Exp
Theor 0.458 GHz. Unfortunately, the levels at 0.511 and 0.178 GHz require a relaxation of the criteria under the short-range variation. The reason for the very close match between the theoretical and experimental levels resulting from the short-range variation is unclear. Variation of the non-quintet MCSCF potentials only, which are more likely to possess small inaccuracies than the MRCI quintet potentials [19] , barely affects the binding energies and in some instances adversely affects the observability parameters. Variation of all the potentials however, produces a similar improvement in the binding energies of the levels but does not allow for the assignment to the observed level at 0.455 GHz.
There is a large difference between the assignment of levels obtained from our procedure and from that of [8] . The assignment procedure of [8] rejected entire adiabatic series by characterizing the likelihood of Penning ionization of the adiabatic potentials, whereas our multichannel calculation allows us to reject levels on an individual basis. Our calculations indicate that very few levels of each series are accessible by photoassociation, implying that the logical inclination to attempt to complete an entire adiabatic series when matching to experimental measurements appears to be invalid. Interestingly, our assignments agree with those of [17] for all levels except those for which we assign two case (c) sets and those with energies of −2.42 GHz and −1.22 GHz.
Unpolarized experiments for j = 2
Next, we attempt to assign levels to the experimental results of van Rijnbach [3] for unpolarized metastable atoms in a magneto-optical trap at temperatures of approximately 2 mK, where detection of Penning ionization was used as the spectroscopic signal. The temperature and lack of polarization allows a large number of metastable collisional channels to contribute, and both gerade and ungerade excited states are accessible, although the dipole approximation requires that the gerade excited states can only be coupled to ungerade l = 1 metastable levels. The l = 1 centrifugal barrier is significant for these ultracold experiments as the region R < 240 a 0 becomes classically forbidden for colliding metastable atoms at a temperature of 1 mK.
We find a total of 345 levels with energies between −13.57 GHz and −0.045 GHz. A subset of levels is again isolated by imposing a condition upon the minimum required coupling to the metastable manifold given by A v > 0.7 E h . In order to have a nonnegligible Penning ionization signal for detection but to still impose an upper limit on the observable Penning ionization decay rate, we limit the quintet short-range character to 0.875 < f 5,v < 0.998. The 22 levels that satisfy these conditions are shown in table 5 with their corresponding assignments.
There is reasonable agreement between the theoretical and experimental results, and again consistently smaller theoretical binding energies are observed. Applying the same short-range potential correction as in the previous section yields much improved agreement with the experimental observations and permits the inclusion of four additional assignments. One level at −0.167 GHz that was previously unassignable is now excluded. Few levels, however, are within the tight experimental uncertainties of 0.002 to 0.19 GHz. The experimental data of van Rijnbach includes 15 levels that were very weakly observed and 11 of these have not been given assignments in table 5. To do so requires a relaxation of our imposed theoretical conditions which would introduce many additional theoretical results that cannot be assigned to any experimental level. The only 'strong' experimental level unassigned is −2.87 GHz, although a relaxation of the criteria is required to make an assignment to −0.52 and −0.27 GHz. The theoretical levels of −1.062 and −0.228 GHz satisfy our imposed conditions but do not correspond to any experimental level of [3] . We also note that no gerade levels are present in the assignments, although one level at a detuning of −0.109 GHz does appear in the initial calculations using the unvaried potentials. The absence of gerade levels is due not to the l = 1 centrifugal barrier in the metastable state as we do not specify the wave function for the metastable states in the approximate coupling factor A v but rather to the spinconserving nature of the coupling. The l = 1 metastable channels are in the triplet configuration and will strongly couple to excited levels with large triplet character, levels that are very likely to undergo Penning ionization. Almost all of the 39 gerade levels with binding energies in the range 0.045 to 13.57 GHz which satisfy A v > 0.7 E h have f 5,v < 0.2. This, together with the large l = 1 centrifugal barrier, means that the entire gerade manifold cannot be considered for assignment to the experimental levels near the j = 2 asymptote.
The measurements of Tol [20] for unpolarized atoms at a temperature of 1 mK overlap for nearly all levels with the measurements of [3] listed in table 5. However, there are two additional levels, one at −0.622 GHz which fills a gap in the table corresponding to the theoretical level −0.621 GHz and the other at −0.045 GHz which can be assigned to a theoretical level with energy −0.055 GHz.
If the short-range variation is applied to all of the potentials, instead of just to the quintet MRCI potentials, similar agreement is obtained in the shift of binding energies. More importantly, however, the behaviour of the observability parameters does not change significantly, in contrast to the beneficial changes shown in table 5 arising from varying only the quintet potentials.
There is again a large difference between the assignment of levels using our procedure as opposed to that of [8] . Léonard et al [17] have argued that the 1 u and 2 u J = 2 and all the 0 + u assignments should not appear as they are not expected to produce ions in the adiabatic approximation. However they have made two assignments to the 2 u J = 2 set in the expectation that nearby overlapping levels may be the cause of these observations [21] . We do not find any nearby overlapping levels that are accessible according to our observability criteria and instead believe that the assignments must be made to the 2 u J = 2 set, as the multichannel calculation firmly places these levels in the ion detection regime. We conclude that the Coriolis couplings introduce a marked change in the short-range character of these states that allows ion production to occur. We find only one other level at −3.49 GHz that follows this behaviour and is assigned to 2 u J = 2. Our remaining assignments agree with those of [17] for all levels except those for which we assign two case (c) sets.
Unpolarized experiments (j = 1)
Using the method described in section 4.5 to determine appropriate bound levels and resonances, we make assignments to the experimental observations of [3] near the Table 5 . Theoretical levels predicted to be experimentally observable and their assignment to the experimental data in [3] and [20] . Energies are given in GHz relative to the j = 2 asymptote. The third column lists the levels after a 1% variation is applied to the short-range potentials and the fourth and fifth columns are the observability quantities calculated from the results of this variation.
Exp
Theor [20] that was not observed in [3] .
He(2s 3 S 1 )+He(2p 3 P 1 ) asymptote. Although only the closed channels are used to discard artificial resonances, the properties of the resonances in table 6 are calculated using the complete wavefunction. In addition to the observability criteria chosen previously to be A v >> 0.7 E h and 0.90 < f 5,v < 0.998, a limit to the predissociation width Γ pre of 100 MHz is imposed as previously described in section 4.5. All resonances that satisfy these criteria are shown in table 6 for detunings of less than 600 MHz from the j = 1 asymptote. Our assignments, made by analysing contributions only from the closed channels that have asymptotes j = 1 and j = 0, agree well with those of [8] . Table 6 . Theoretical levels close to the j = 1 asymptote and predissociation widths Γ pre in MHz predicted to be experimentally observable and their assignment to the experimental data of [3] . Energies are given in GHz relative to the j = 1 asymptote. The third column lists the levels after a 1% variation is applied to the short-range potentials. The parameters in the fourth, fifth and sixth columns are from the resonance calculated with variation. We note that, despite our rejection of the gerade manifold for assignments near the j = 2 asymptote, all of these assignments near the j = 1 asymptote are of the gerade manifold. This may be explained by examining the adiabatic potentials and their triplet character over the entire interatomic range. If a gerade level is to be effectively coupled to the metastable manifold, it must possess triplet character at large interatomic distance yet become mostly quintet at short interatomic distance to avoid loss from ionization. The only two adiabatic potentials that are asymptotic to j = 2 and satisfy this requirement possess less than 10% triplet character at 300 a 0 and must have binding energies less than 360 MHz for the classical turning point of the wave function to extend out to this region. On the other hand, the 0 − g adiabatic potential of the j = 1 asymptote possesses 20% triplet character at 300 a 0 and allows wave functions that correspond to binding energies less than 1.8 GHz to extend out to this region. Consequently, the gerade j = 1 levels are much more likely to be coupled to the metastable manifold without suffering significant loss from ionization.
Applying the same variation in the short-range potentials as was introduced for the j = 2 levels shows some improvement in agreement between the theoretical values and the measurements of [3] , although it is not as large a change as might be desired.
Conclusions
The availability of the short-range MCSCF and MRCI potentials of [8] enabled us to undertake single-channel and multichannel calculations to study the effects of nonadiabatic and Coriolis couplings on the bound states of the He(2s 3 S 1 )+He(2p 3 P j ) system. The single-channel results agree closely with those of [8] although some discrepancies were found that result from the choice of diagonalization grid for the single-channel potentials. Inclusion of non-adiabatic couplings does not affect the binding energies very much, but the addition of Coriolis couplings does result in some significant and experimentally measurable differences in binding energies. Assignment of theoretical levels to experimental observations, using criteria based upon the shortrange character of each level and their coupling to metastable ground states, reproduces very closely the number of levels experimentally observed. The theoretical energies for j = 2 are consistently smaller than the experimental energies by 1.5 − 8%, but excellent agreement with experiment is obtained after a 1% increase in the slope of the input short-range quintet potentials near the inner classical turning point is applied. The same variation also produces an improved matching between the theoretical j = 1 values and measurements of [3] . This suggests the need for improved short-range potentials although such adjustments of even the best ab initio potentials are not uncommon in the theoretical calculation of physical quantities to the accuracy required in ultracold physics.
Finally we note that we have chosen to use the same C n parameters for the potentials as in [6] and [8] rather than the more recent coefficients in [22] , as we wanted to be able to make direct comparisons with results obtained in these studies. We have repeated our calculations using these new C n values and find that the calculated binding energies differ by less than 0.1%. For the unvaried potentials there are some differences in the observability criteria and these lead to several differences in the assignments. The addition of the variation to the quintet potentials, however, produces exactly the same assignments if either set of C n values are used.
In order to analyze the singlet, triplet and quintet character of the excited bound states we transform from the Hund case (c) basis |a = |γ 1 γ 2 j 1 j 2 jΩ j w to the Hund case (a) basis |α = |γ 1 γ 2 LSΩ L Ω S w using
where the coupling coefficients F where S = 0, 1, 2 and
Appendix B. Radiative coupling
The approximate coupling between the experimental collision channels and excited states is calculated from the matrix element between the metastable state and the excited basis states of the interactionĤ int ∼ ǫ λ · d for radiation of circular polarization ǫ λ with the molecular dipole operator d. The matrix element between basis states of the form (10) has been derived in [9] and is given by a ′ |Ĥ int |a = (−1)
where λ = 0, ±1 represents π and σ ± polarization respectively in the space-fixed frame, b labels the polarization components in the molecular frame, I is the laser intensity and d where for this case L 1 = L 2 = 0.
